Pressure drop (bar)

PROBLEM 8.5

KNOWN: Number, diameter and length of tubes and flow rate for an engine oil cooler.

FIND: Pressure drop and pump power (a) for flow rate of 24 kg/s and (b) as afunction of flow rate for

therange 10 < m < 30 kg/s.
SCHEMATIC:

D =10 mm

mq = m/N >
Tm = 300 K k— —— L=25m
ASSUMPTIONS: (1) Fully developed flow throughout the tubes.

PROPERTIES: Table A5, Engineoil (300 K): p = 884 kg/m®, u = 0.486 kg/sI.

ANALYSIS: (@) Considering flow through a single tube, find
4 4(24kg/s)

Rep = = =2515
nDu 25m(0.010m)0.486kg/sn
Hence, the flow islaminar and from Equation 8.19,
64 64
f=——=—— =0.2545.
Rep 2515
With
i 25/25)kg/s(4
Up = ™= ( Jka/s(4) > =138 m/s
p(nD2/4) (884kg/ m3) 7(0.010m)
Equation 8.22ayields
3 2
o (884kg/m )(13.8m/s)

Ap=f— L =0.2545
2D 2(0.010m)

The pump power requirement from Equation 8.23b,

P=AplV = pp 2" =538 x10° N/mng/s = 1.459 x 10° N[Fs = 146 W.
o

884kg/ m®

m = 24 kg/s
N = 25 tubes

25m =538x10° N/m? =538 bar

)

)

©)

@<

B<

(b) Using IHT with the expressions of part (a), the pressure drop and pump power requirement as a

function of flow rate, m, for the range 10 < m < 30 kg/s are computed and plotted below.

70 250

60 200
g
<
50 5 150
2
o
o
[=2}
=
40 = 100
1S
=}
a
30 50
20 0
10 20 30 10 20
Flow rate (kg/s) Flow rate (kg/s)

Continued...
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PROBLEM 8.30

KNOWN: Diameter and length of copper tubing. Temperature of collector plate to which tubing is
soldered. Water inlet temperature and flow rate.

FIND: (a) Water outlet temperature and heat rate, (b) Variation of outlet temperature and heat rate with
flow rate. Variation of water temperature along tube for the smallest and largest flowrates.

SCHEMATIC:

D=0.01m® /»TS= 700C
> x

Tm i =250C ) 5 Tmyo
|

0.005 £ m< 0.05 kg/s
L=8m

ASSUMPTIONS: (1) Straight tube with smooth surface, (2) Negligible kinetic/potential energy and
flow work changes, (3) Negligible thermal resistance between plate and tube inner surface, (4) Rep ¢ =
2300.

PROPERTIES: Table A.6, water (assume 'T'm = (Tm; + T9)/2=47.5°C = 320.5K): p =986 kg/m’, Co=
4180 JkgK, p = 577 x 10° NIE/n?, k = 0.640 W/mIK, Pr = 3.77. Table A.6, water (Ts= 343 K): ps=
400 x 10° NE/nv’.

ANALYSIS: (a) For r = 0.01kg/s, Rep = 4 m/mDu = 4(0.01 kg/s)/1(0.01 m)577 x 10° N&/n* =
2200, in which case the flow may be assumed to be laminar. With xfd,t/D = 0.05RepPr =
0.05(2200)(3.77) = 415 and L/D = 800, the flow is fully developed over approximately 50% of the tube

. /3
length. With FRep Pr/(L/D)E" > 11/ )™
average convection coefficient

(Rep P 2oy P

Nup =1.86—2— G—0 =427
OL/D O OO

= 2.30, Eg. 8.57 may therefore be used to compute the

h = (k/D)Nup =4.27(0.640W/m K )/0.01m = 273W/m? K

From Eqg. 8.42b,

Ts=Tmo _ g5 L pE_ o0 7x0.01mx8m x273W/m? K 0

Ts=Tm,i ﬁ_ mcy ﬁ 0.01kg/sx4180J/kg (K

Tm,o = Ts ~0.194(Tg ~ Ty ) =70°C -8.7°C =61.3°C <
Hence, q=mCp (Tm,o ~Tm,i ) =0.01kg/s(4186J/kg [K ) (36.3K ) =1519W <

(b) The IHT Correlations, Rate Equations and Properties Tool Pads were used to determine the
parametric variations. The effect of M was considered in two steps, the first correspondingto m <
0.011 kg/s (Rep < 2300) and the second for m > 0.011 kg/s (Rep > 2300). Inthefirst case, Eq. 8.57 was

used to determine ﬁ, while in the second Eq. 8.60 was used. The effects of M are asfollows.

Continued...



PROBLEM 8.47

KNOWN: Air at prescribed inlet temperature and mean velocity heated by condensing steam on its
outer surface.

FIND: (&) Air outlet temperature, pressure drop and heat transfer rate and (b) Effect on parameters
of part (a) if pressure were doubled.

SCHEMATIC:
Condensing steam,
CARS Tmids0% D=28imm X 20bar, T;=Tss+=485K
p=200kPs D\f ] B o 4_'7;, o
6 } i ’
Um=6ms L x L=2m

ASSUMPTIONS: (1) Steedy-state conditions, (2) Negligible kinetic and potentia energy changes,
(3) Thermd resistance of tube wall and condensate film are negligible.

PROPERTIES: Table A-4, Air (assume Tm = 450K, 1 aam=101.3 kPa): r =0.7740 kg/ms,
Gp = 1021 JkgK, m=250.7" 10" Nt k = 0.0373 W/mK,, Pr = myk = 0.686. Note that
only r is pressure dependent; i.e,, r a P, Table A-6, Saturated water (20 bar): Tgg = T = 485K.

ANALYSIS: (a) For constant wall temperature heating, from Eq. 8.46 but with U » h; since
hy >>hy , where hy, isthe convection coefficient for the condensing steam,

Tg-T & pL —
's 'mo_ pé_ h|
Ts- Tmji

where P=pD. For the ar flow, find the mass rate and Reynolds number,
= r A gy = 0.7740 kg/m> (200 kPa/101.3 kPa) (p (0.025m)?/4) 6 mis
= 4,501 103kg/s.

4rin 4 4501 10 3 kg/s
M D 2507 107 N2 “p (0.025m)

Rep = =9.143" 103

Usng the Dittus-Bodter corrdation for fully-developed turbulent flow,
4/5
Nup = 0.023Re¥® pr04 = 0.023(9.143' 103) (0.682)%%=29.12

hj = Nu %/D =29.12" 0.0373 W/mxK/0.025 m =43.4 W/m2 XK.
Hence, the outlet temperatureis

212- Tmo _ eng p (0.025m)" 2m" 43.4W/m? X 3
(212-150)°C  § 4501 10 kg/s” 1021 Jkg XK §
Tm,o0 =198°C. <

Continued .....



PROBLEM 8.47 (Cont.)
The pressure drop follows from Egs. 8.20 and 8.22,

- 14 C103) M4
f =0.316Re;; :0.316(9.143 10 ) =0.0323
7
Dp =f L am
2D

0.7740 kg/m3(200/101.3) (6 m/s)? " 2m
2°0.025m

Dp=0.0323 = 71.1 N/m?. <

The hest trander rateis
a=mcp(Tmo- Tm,i)= 4501 10° 3 kg/s” 1021 Jkg>K (198- 150)K =221 W. <
(b) If the pressure were doubled, we can see from the above reations, that ma r, hence
m =2mg
Rep =2Rep o,
ance
hi 1 (Re)*>® (hy /hj o)=2%/5,
hi =1.74h; o
It followsthat Tm o = 195°C, so that the effect on temperature is dight. However, the pressure

drop increases by the factor 2(2)'1/4 = 1.68 and the heat rate by 2(195 - 150)/(198 - 150) = 1.88.
In summeary:

Parameter p = 200 kPa p = 400 kPa Increase, %
Part (a) Part (b)

i, kg/s” 10° 4501 9.002 100

i, WimoK 43.4 86.8 100

Tmo - Tmi°C 48 45 6

Dp, N/t 711 119 68

q W 221 415 88

COMMENTS: (1) Notethat Ty, = (198 + 150)°C/2 = 447 K agrees well with the assumed
vaue (450 K) used to evauate the thermophysica properties.



PROBLEM 8.50

KNOWN: Configuration of microchannel heat sink.

FIND: (&) Expressions for longitudinal distributions of fluid mean and surface temperatures, (b) Coolant
and channel surface temperature distributions for prescribed conditions, (c) Effect of heat sink design and
operating conditions on the chip heat flux for a prescribed maximum allowable surface temperature.

SCHEMATIC:
//
T

m,o

(Water) _~

m, Tmi=290K
S=C1D—|<—’| I//

ASSUMPTIONS: (1) Steady-state, (2) Negligible PE, KE and flow work changes, (3) All of the chip
power dissipation istransferred to the coolant, with a uniform surface heat flux, gg, (4) Laminar, fully

developed flow, (5) Constant properties.
PROPERTIES: TableA.6, Water (assume Ty = Tm,i =290K): ¢, = 4184 JkglK, p = 1080 x 10°
N&n, k = 0.598 W/mIK, Pr = 7.56.

ANALYSIS: (@) The number of channels passing through the heat sink isN = L/S=L/C,D, and
conservation of energy dictates that

deL” = N(mDL)ds = % ds/Cy

L=12 mm

which yields
gy = e @
m
With the mass flowrate per channel designated as my = /N, Egs. 8.41 and 8.28 yield
T () =T + B2 =Ty +-% @<
LTS Tome,
T () = T (x) + 28 =T (x) + 2 ®<

where, for laminar, fully developed flow with uniform g, Eq. 8.53 yields h = 4.36 k/D.

(b) WithL =12 mm, D =1 mm, C,; = 2and m = 0.01 kg/s, it followsthat S=2 mm, N = 6 and Rep =
arn, /nDu = 4(0.01kg/s)/67(0.001m)1.08x10™3 N 8/ m? = 1965. Hence, the flow islaminar, as

assumed, and h = 4.36(0.598 W/mIK/0.001 m) = 2607 W/m’[K. From Egs. (2) and (3) the outlet mean
and surface temperatures are

0.012m)? 20x10* W/ m?

=290.7K =17.7°C
0.01kg/s(4184J/kgK)

Tm.o = 290K WA

4 2
2 20x10%W .
Too=Tmo = x—/m =339.5K =66.5°C

T 2607W/m? K
Continued...



PROBLEM 8.50 (Cont.)
The axial temperature distributions are as follows

75

65

55

45

35

Temperature, T(C)

25

15 —F
0 2 4 6 8 10 12

Axial location, x(mm)

—6— Surface temperature, Ts
—aA— Mean temperaure, Tm

The flowrate is sufficiently large (and the convection coefficient sufficiently low) to render the increase
in T, and Ts with increasing x extremely small.

(c) The desired constraint of Tsmx < 50°C isnot met by the foregoing conditions. An obvious and logical
approach to achieving improved performance would involve increasing My such that turbulent flow is
maintained in each channel. A value of iy > 0.002 kg/s would provide Rep > 2300 for D = 0.001.

Using Eqg. 8.60 with n = 0.4 to evaluate Nup and accessing the Correlations Toolpad of IHT to explore
the effect of variationsin r, for different combinations of D and C,, the following results were obtained.

400

&
g 300
H | o]
:U
7 200
3 b
2 |
[ — e
e —
o 100 —
5 |
0
0.002 0.003 0.004 0.005
Mass flowrate, mdot1(kg/s)

—6— D=0.6mm,C1=2.0,N=10

—A— D=10mm,C1=15N=8

—&8— D=1.0mm,C1=20,N=6

We first note that asignificant increasein gz may be obtained by operating the channels in turbulent

flow. Inaddition, there is an obvious advantage to reducing C;, thereby increasing the number of
channels for afixed channel diameter. The biggest enhancement is associated with reducing the channel
diameter, which significantly increases the convection coefficient, as well as the number of channels for
fixed C;. For m; = 0.005 kg/s, h increases from 32,400 to 81,600 W/m?K with decreasi ng D from1.0to

0.6 mm. However, for fixed ry, the mean velocity in achannel increases with decreasing D and care
must be taken to maintain the flow pressure drop within acceptable limits.
COMMENTS: Although the distribution computed for T(X) in part (b) is correct, the distribution for

T4(X) represents an upper limit to actual conditions due to the assumption of fully developed flow
throughout the channel.



PROBLEM 9.22

TON((:)WN: Thin-walled container with hot process fluid at 50°C placed in a quiescent, cold water bath at

FIND: (a) Overall heat transfer coefficient, U, between the hot and cold fluids, and (b) Compute and
plot U as afunction of the hot process fluid temperature for therange 20< T, , <50°C.

SCHEMATIC:
Thin-walled

Hot process container

Too,h=50 °C

L =200 mm Cold water bath
Tm,C =10°C

ASSUMPTIONS: (1) Steady-state conditions, (2) Heat transfer at the surfaces approximated by free
convection from avertical plate, (3) Fluids are extensive and gw escent, (4) Hot process fluid
thermophysical properties approximated as those of water, and (5) Negligible container wall thermal
resistance.

PROPERTIES: Table A.6, Water (assume T, = 310 K): py, = 1/1.007 x 10°° = 993 kg/m®, c,,, = 4178
JKgK, Vh= p/pn= 695 x 10° N¥/m?%/993 kg/m® = 6.999 x 10" m%s, k,= 0.628 W/mIK, Pr, = 4.62, o, =
k/PrCon = 1.514 x 107" m’/s, Bn = 361.9 x 10° K™ ; Table A.6, Water (assume T = 295 K): p.= 1/1.002
x 10° = 998 kg/m®, ¢, = 4181 JkgIK, V. = p/pc = 959 x 10° N[¥/m?7998 kg/m”® = 9.609 x 107 m/s, k. =
0.606 W/mIK, Pr. = 6.62, 0 = Ko/pcCpc = 1.452% 107" m’/s, B, =227.5x 10°K™.

ANALYSIS: (a) Theoverall heat transfer coefficient between the hot processfluid, T, 1, and the cold
water bath fluid, T, ¢, is
= = \-1
U =(yhy +1/h¢) 1)

where the average free convection coeffieicnts can be estimated from the vertical plate correlation Eq.
9.26, with the Rayleigh number, Eq. 9.25,

2

O O

L 1/6 3

Nup = %}.825+ 0-387Ra =7 27% Ra = gﬁf ;L (2.3)
O 9/16 0
: %+ (0.492/Pr) i

To affect asolution, assume Tg = (Too,h —Too’i )/2 =30°C =303K , so that the hot and cold fluid film

temperaturesare Ty, = 313 K = 310K and T = 293 K = 295 K. From an energy balance across the
container walls,

hp (Too,h ‘Ts) =he (Ts ‘Too,c) 4
the surface temperature T can be determined. Evaluating the correlation parameters, find:
Hot process fluid:
_ 98m/?x361.9x10 %k (50 -30)K (0.200m)°’

9
Ra p = =5.357x10
6.999x1077 m?/sx1.514x10™" m?/s

Continued...



PROBLEM 9.22 (Cont.)

U] 9 1/6 DZ

. 0.387 (5.357x10 ) g

NuL h = D825+ 0 =255
J 4+ (0402/4.62)" 1658 .

_ _— h
A = NuL h Th = 251.5x0.628W, m2[K /0.200m =790W,/ m2 &
Cold water bath:
- /2 -6, -1 3
9.8m/ s©x227.5x10 °K (30 -10)K (0.200m)
9.609x10™7 m2/sx1.452x10~7 m?/s
2

Ray ¢ = = 2,557 x10°

6 [
0.387(2.557x109 )]/ g

0
NuL ¢ = %).825+ 5 =203.9

127
. 4+ (0.492/6.62)% 1658 g

he =203.9x0.606 W/mK /0.200m = 618W/ m2 K
From Eq. (1) find

U = (1/790+1/618) W/ m?K =347W/m?[K <
Using Eq.(4), find the resulting surface temperature

790W/ m2K (50-Tg)K = 618W/ m2K (Ts -30)K Tg=324°C
Which compares favorably with our assumed value of 30°C.

(b) Using the IHT Correlations Tool, Free Convection, Vertical Plate and following the foregoing
approach, the overall coefficient was computed as a function of the hot fluid temperature and is plotted
below. Note that U increases aimost linearly with To, py .

400

300

200

Overall coefficient, U (W/m"2.K)

100

20 30 40 50

Hot process fluid temperature, Tinfh (C)

COMMENTS: For the conditions of part (a), using the IHT model of part (b) with thermophysical

properties evaluated at the proper film temperatures, find U = 352 W/mIK with T = 32.4°C. Our
approximate solution was a good one.

(2) Because the set of equations for part (b) is quite stiff, when using the IHT model you should follow
the suggestions in the IHT Example 9.2 including use of the intrinsic function Tfluid_avg (T1,T2).



PROBLEM 9.63

KNOWN: Motor shaft of 20-mm diameter operating in ambient air at T,, = 27°C with surface
temperature Ts < 87°C.

FIND: Convection coefficients and/or heat removal rates for different heat transfer processes: (a) For a
rotating horizontal cylinder as afunction of rotational speed 5000 to 15,000 rpm using the
recommended correlation, (b) For free convection from a horizontal stationary shaft; investigate

whether mixed free and forced convection effects for the range of rotational speedsin part (a) are
significant using the recommended criterion; (c) For radiation exchange between the shaft having an

emissivity of 0.8 and the surroundings also at ambient temperature, Ts, = Ty ; and (d) For cross flow

of ambient air over the stationary shaft, required air velocities to remove the heat rates determined in
part (a).

SCHEMATIC:
T =27°C //7'348700

%/ Shaft, D =20 mm, £ = 0.80

( Q(rad/s)

ASSUMPTIONS: (1) Steady-state conditions, (2) Shaft is horizontal with isothermal surface.

PROPERTIES: Table A4, Air (T; = (Ts+ T )/2=330K, 1am): v =18.91 x 10°m?/s, k = 0.02852
W/mK, o =26.94x 10°m?s, Pr=0.7028, B =1/T;.
ANALYSIS: (@) Therecommended correlation for the a horizontal rotating shaft is

Nup =0.133ReZ 3Pr/3  Rep <43x10° 0.7 <Pr <670

where the Reynolds number is

Rep = QD2 /v
and Q (rad/s) istherotational velocity. Evaluating propertiesat T = (Ts+ T, )/2, find for o= 5000
rpml

Rep = (5000rpm x 27rrad/rev/ 60s/min) (0.020m)2 / 18.91x10® m?/s =11,076

1/3

Nup =0.133(11,076)% > (0.7028)" 3 =58.75

hp.rot = NUp k/D =58.75x0.02852W/m [K /0.020m =83.8W/m? [K <
The heat rate per unit shaft length is
Grot =N rot (TD)(Ts = Teo ) =83.8W/m? [K (77x0.020m) (87 —27)° C =316W/m <

The convection coefficient and heat rate as a function of rotational speed are shown in aplot below.

(b) For the stationary shaft condition, the free convection coefficient can be estimated from the
Churchill-Chu correlation, Eq. (9.34) with
Continued...



PROBLEM 9.63 (Cont.)

gBATDS

Rap =
D va

_ 9.8m/s” (1/330K ) (87 - 27) K (0.020m)°

RaD
18.91x1070 m?/sx26.94x107® m? s

=27,981

2

0
1/6
_ 387R
NuD:%).6O+ 0-387Rap

127
J Be(ossy pr)®/ 1658

OO0

0 2
0.387(27,981)Y% B

0

N_uD = %160+ D8/27
O 9/16 0
: %+(0.559/0.7028) il

hD.fc = NUp k/D =5.61x0.02852W/m [K /0.020m =8.00W/ m?[K

=5.61

Ofc =8.00W/ m2(K (71x0.020m) (87 ~27)° C =30.2W/m <
Mixed free and forced convection effects may be significant if

3 0.137
Rep < 4.7(GrD / Pr)

where Grp = Rap/Pr, find using results from above and in part (a) for « = 5000 rpm,
137
11,076 7<? 4.7 {27,9810.7028)° /0.701%0 =383

We conclude that free convection effects are not significant for rotational speeds above 5000 rpm.

(c) Considering radiation exchange between the shaft and the surroundings,
— 2 4
hrad = €0 (Ts "'Tsur)(Ts "‘Tsur)
hrag = 0.8%5.67 x10~8 W/m?[K (360 +300) (3602 +3002) K3 =657W/m?E <
and the heat rate by radiation exchange is
Arad = hrad (D) (Ts —Taur)

Orag = 6.57W/m? (K (77x0.020m)(87 -27)K =24.8W/m <

(d) For cross flow of ambient air at avelocity V over the shaft, the convection coefficient can be
estimated using the Churchill-Bernstein correlation, Eq. 7.57, with

Rep  =—

/5
Nuoo =h 0.62Rel2, Pri Re. . 18T
Nup,« =hp ¢ D/k =03+ | 1+ 0 )
| [1+(04/Pr)*?] 282,000

Continued...



PROBLEM 11.7

KNOWN: Number, inner-and outer diameters, and thermal conductivity of condenser tubes.
Convection coefficient at outer surface. Overal flow rate, inlet temperature and properties of water
flow through the tubes. Flow rate and pressure of condensing steam. Fouling factor for inner surface.

FIND: (a) Overall coefficient based on outer surface area, Uy, without fouling, (b) Overall
coefficient with fouling, (c) Temperature of water leaving the condenser.

SCHEMATIC:

Condensate

Sat steam ho = 10,000 W/m2-K
p = 0.0622 bar Tube wall
D;=25mm
. Water Do =28 mm
m4 = m¢/N = 0.40 kg/s k =110 W/m-K
Tm,i=15°C Film
mn=10kg/s v Rf; = 10 m2-K/W

ASSUMPTIONS: (1) Negligible flow work and kinetic and potential energy changes for water flow,
(2) Fully-developed flow in tubes, (3) Negligible effect of fouling on D;.

PROPERTIES: Water (Given): cp = 4180 JkgK, u= 9.6 x 10* N@/mz, k =0.60 W/mK, Pr = 6.6.
Table A-6, Water, saturated vapor (p = 0.0622 bars): T = 310K, htg = 2.414 x 106 JKkg.

ANALYSIS: (a) Without fouling, Eq. 11.5 yields
o DDOEJrDOIn(Do/Di)JrL
Uo hiODi O 2kt ho

With Rep, =4y /mDju :1.60kg/s/(n x0.025m x9.6 x10™* N B/mz) =21,220, flow inthetubesis

turbulent, and from Eq. 8.60

Ok O .
hi = X £0.023ReY/ 5 pr04 = LROOWIMIK LG 05551 200)*5 (6.6)°4 =3400w/m? K
D | H 005m o
-1
028In(28/2
U0=D | (e8], 0028In(28/25) | O W/m2 K =
5400 s 2x110 10,0004
-1
(3.29x10‘4 +1.44x107° +104) W/m? K =2255W/m? K <
(b) With fouling, Eq. 11.5 yields
1 -1
Ug = 54.43x10‘4 +(Do/ Di)R} ;5 =(5.55 x10‘4) =1800W/m? K <

(c) Therate at which energy is extracted from the steam equals the rate of heat transfer to the water,
Mp htg =Mc Cp (Tm,0 ~Thi ) in which case

Mh Nfg _ coc , 10Kg/ s 2.414x10% 3/ kg _
Mc Cp 400kg/sx4180J/ kg [K

COMMENTS: (1) Thelargest contribution to the thermal resistance is due to convection at the
interior of thetube. To increase Uy, hi could be increased by increasing m;, either by increasing m

or decreasing N. (2) Notethat Ty o = 302.4 K < Tgx = 310 K, as must be the case.

Tmo=Tm,it 29.4C <



PROBLEM 11.16

KNOWN: Inner tube diameter (D = 0.02 m) and fluid inlet and outlet temperatures corresponding to
design conditions for a concentric tube heat exchanger. Overall heat transfer coefficient (U = 500
W/m?K) and desired heat rate (q = 3000 W). Cold fluid outlet temperature after three years of operation.

FIND: (a) Required heat exchanger length, (b) Heat rate, hot fluid outlet temperature, overall heat
transfer coefficient, and fouling factor after three years.

SCHEMATIC:

_— Th,=160°C
Oil

T Tho=140°C

T, o = 80 °C or 65 °C

Water TC i= 20 °C

O —_— L

X
ASSUMPTIONS: (1) Negligible heat loss to the surroundings and kinetic and potential energy changes,
(2) Negligible tube wall conduction resistance, (3) Constant properties.

ANALYSIS: (a) The tube length needed to achieve the prescribed conditions may be obtained from Egs.
11.14 and 11.15 where AT, = Thj - T¢o = 80°C and AT, = Tho - Tei = 120°C. Hence, ATim = (120 -
80)°C/In(120/80) = 98.7°C and

q 3000W
= = =0.968m <
(MD)UATim  (71x0.02m)500W/ m2[K x98.7°C

(b) With g = C(T¢o - Te.i), the following ratio may be formed in terms of the design and 3 year
conditions.

q_ Cc(Tc,o‘Tc,i) =60°C
a3 Cg (Tc,o‘Tc,i) 45°C

=1.333
3

Hence,
a3 = q/1.33 = 3000W/1.333 =2250W <

Having determined the ratio of heat rates, it follows that
q_Cn (Th,i -Th,o) _ 20°C

- = =1.333
a3 Ch (Th,i—Th,o) 160°C-Th,o(3)

3
Hence,

Th,o(3) =160°C-20°C/1.333 =145°C <
With ATjm 3 =(125-95)/In(125/95) =109.3°C,
B _ 2250W
(DL )ATym 3 n(0.0Zm)O.968m(109.3°C)

Uz =338W/m2K <

Continued...



PROBLEM 11.16 (Cont.)

1

With U =F{/h; ) +(ho ) and Ug = {/h; ) +(¥ho) +Rt o

., 1 1.01 100 4 2
R} c=— ->=f> -~ m? K/W =950 x10 *m? K/W
f.e=U; U ~Feas so00" B/ /

COMMENTS: Over time fouling will always contribute to a degradation of heat exchanger
performance. In practiceit is desirable to remove fluid contaminants and to implement aregular
maintenance (cleaning) procedure.



PROBLEM 11.32

KNOWN: Single pass, cross-flow heat exchanger with hot exhaust gases (mixed) to heat water
(unmixed)

FIND: Required surface area.

SCHEMATIC:

Exhaust gases,

i 7,225

Cold water J’ \ - zixed T £ 22 [CF]
unmixed \\f_ 7;0‘100°C

/
1
|
mg =3k /5“—|>|
U ZOOW/”, k\l\ - Z‘%ezl 300C

ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potentia energy
changes, (3) Exhaust gas properties assumed to be those of air.

PROPERTIES: Table A-6, Water (T, = (80 +30)°C/2 = 328K): ¢, = 4184 JkgK; Table A-4, Air
(1am, T, = (100 + 225)°C/2 = 436 K): ¢, = 1019 JkgK.

ANALYSIS: Therate equation for the heat exchanger follows from Egs. 11.14 and 11.18. The area
isgiven as

A =q/UDTm =q/UFDTm cF )
where F is determined from Fig. 11.13 using
= 28205- ‘Z% =0.26 and R :% = 2.50 giving F»0.92. @
From an energy balance on the cold fluid, find
a=gce(Teo- Tei)=3-2 kg 4184@%(80- 30)K = 627,600 W. ®

From Eq. 11.15, the LMTD for counter-flow conditionsis
DT;- DT, _ (225- 80)- (100- 30)

m(DR/DT,)  mQdsimo) o~ odC @

DTymcF =

Substituting numerica values resulting from Egs. (2-4) into Eqg. (1), find the required surface area to be

A =627,600W/200W/m2 K * 0.92° 103.0K =33.1m2. <

COMMENTS: Note that the properties of the exhaust gases were not needed in this method of
anadysis. If the e-NTU method were used, find first C/C. = 0.40 with Cy,in = Cp, = 5021 W/K. From
Egs. 11.19 and 11.20, with C, = Cryjip, € = W0max = (Thi — Tho)/(Thi — Tc;) = (225 —100)/(225 — 30)
=0.64. Usng Fig. 11.19 with Cy;i/Crniax = 0.4 and e = 0.64, find NTU = UA/Cyy;i, » 1.4. Hence,

A =NTU>Cpjn /U »1.4” 5021W/K/200 W / m? K =35.2m°.

Note agreement with above resullt.



PROBLEM 11.52
KNOWN: Shell-and-tube heat exchanger with one shell pass and 20 tube passes.

FIND: Average convection coefficient for the outer tube surface.

SCHEMATIC:
! " ;
Copper tubes,— Y /-7;,',- =87°C
, hg < : "
20 passes, L=3m > o =02ka/ T,-27C
- h=02kgls .

D,=24mm, Le 3 ]
D;=20mm T0=37C SJei-7C

ASSUMPTIONS: (1& Netsigligi ble hest loss to surroundings, (2) NePI(iagi ble changes in kinetic and
pot?wt_lﬁl ener |e|a_ (3) Constant properties, (4) Type of oil hot specitied, (5) Thermal resistance of tubes
negligible; no fouling.

PROPERTIES: Table A-6, Water, liquid (Tp, = 330K): ¢, = 4184 JkgX, k = 0.650 W/mK, m= 489
* 10° N/, Pr=3.15.
ANALYSIS: To find the average coefficient for the outer tube surface, h,, we need to evaluate hy for
theinternal tube flow and U, the overadl coefficient. From Eq. 11.5,
1 1 1 1 é1 1 U
= + = é + 1]
UA  hiAj hoAp NpL ghiDj hgDo g
where N, isthe total number of tubes. Solving for h,

, -1
ho :Dblg(UA)-thpL -1/hD; @

Evaluate hy from an appropriate correlation; begin by calculating the Reynolds number.
_4mp 4" 0.2 kg/s

PDiM p (0.020m)489" 10" ON>s/m?
Hence, flow is turbulent and since L >> D;, the flow islikely to be fully developed. Use the Dittus-
Bolter correlation with n = 0.3 since Ts < Ty, Nup = 0.023 Refy/ > pr>2

Rep = 26,038.

hi =< Nup = 280OWIMX 4 123(26,038)%/%(3.15)°3 = 3504 W/m? K. (2)
D 0.020m
To evaluate UA, we need to employ the rate equation, written as
UA =q/FDTy cF ©)

whereq= mp cph (Thi— Tho) =02kg/s” 4184 JkgK ) (87-27)°C=50,208 W and DTy, cg =

[DT1-DTy)//n (DT1/DTy) =[(87—37)—(27—7)]°Cl¢n (87— 37/27 —7) = 32.7°C. FindF » 0.5
using Fig. 11.10 with P = (27 —87)/(7 —87) = 0.75 and R = (7 — 37)/(27 — 87) = 0.50. Substituting
numerica vauesin Egs. (3) and (1), find

UA =50,208W /0.5 32.7°C=3071W/K 4

, -1
ho :(0.024m)'1g(3071W/K)'1' 20" p’ 3m- 1/3594 W / m? X * 0.020mY =878 W /m? K. <

COMMENTS: Using thee-NTU method: find C,, and C.to obtain C, =0.5and e = 0.75. From Eq.
11.31b,c find NTU = 3.59 and UA = 3003 W/K.



